Negative staining revealed a tetragonal surface array (S layer) on all the members of a serogroup of Aeromonas hydrophila which possess high virulence for fish. The S layers were similar on all the strains examined, with unit cell dimensions of approximately 12 nm. A single representative strain, strain TF7, was selected for further analysis. Freeze-cleaved and etched aggressive and are considered to be opportunistic fish pathogens. The virulent strains all belonged to a single heat-stable serogroup and possessed unique cell surface-associated phenotypic properties (21). Strains of A. hydrophila associated with invasive diseases of humans also display these phenotypic characteristics (13). We examined the members of this serogroup with high virulence for fish by a number of electron-microscopic techniques and found that each strain possessed a tetragonal S layer. The surface-associated, regularly structured S layers have so far been described for only a small number of pathogenic bacteria including the related gram-negative fish pathogen A. salmonicida (12), for which these layers are recognized as an essential virulence factor. S layers are ideally situated to influence the outcome of a host-parasite encounter because of the cell surface location. They have been implicated as a permeability barrier (24, 25) It is therefore necessary to define the nature of the surface of these virulent A. hydrophila strains at both the morphological and the biochemical levels as a contribution to understanding the biological functions and possible role of the surface in pathogenesis. In this report we describe the subunit arrangement in the paracrystalline surface array in a representative strain pathogenic for salmonid fish, A. hydrophila TF7.
Negative staining revealed a tetragonal surface array (S layer) on all the members of a serogroup of Aeromonas hydrophila which possess high virulence for fish. The S layers were similar on all the strains examined, with unit cell dimensions of approximately 12 nm. A single representative strain, strain TF7, was selected for further analysis. Freeze-cleaved and etched preparations and sections for electron microscopy showed that the S layer was the outermost component of the cell envelope. This was confirmed by observation of thin sections. Computer-generated enhancements of the negatively stained micrographs showed the subunit organization to a resolution of <4 nm. Two structural units of identical lattice constants alternated in the array in both axes, and one of them was apparently dominant as the center of mass. The lesser unit was rotated 200 from the dominant axes of symmetry and was formed by the junction of linker projections from a corner of the four components of the dominant unit. This interpretation was supported by finding that the array consists of a single polypeptide (molecular weight, 52,000). The unit cell as defined showed p4 symmetry, and a = b = 12.2 nm.
Surface protein arrays, or S layers, are regular twodimensional assemblies of protein monomers that constitute the outermost layer of the cell envelopes of many bacteria (24) (25) (26) . These structures are widely distributed throughout the procaryotic kingdom, having been observed on both eubacteria and archaebacteria. A variety of subunit arrangements in the form of hexagonal, tetragonal, and linear oblique arrays have been described (24) (25) (26) . The information necessary for layer assembly is present in the primary structure of the protein subunits for entropy-driven assembly, although a suitable cell envelope template and divalent cations are usually required. The layers themselves are held together and attached to the underlying cell envelope by strong, noncovalent interactions.
Ultrastructural studies involving computer image processing of negatively stained material have led to the recognition of the common features of organization for some layers, at least in two dimensions (6, 23) . Tetragonal S layers show some common features (5), but have received less attention, although they are present on a large number of gram-positive and some gram-negative bacteria (25) . Biochemical studies are not often associated with the structural studies of tetragonal arrays; however, those of the gram-negative bacteria Aeromonas salmonicida (28, 29) and Azotobacter vinelandii (2-4) are exceptions and have been characterized both morphologically by image processing and biochemically. Interestingly, the two-dimensional models of subunit arrangement are closely related, and the A. salmonicida and Azotobacter vinelandii subunit proteins also have broadly similar biochemical properties.
We have investigated the surface structure of A. hydrophila, with emphasis on the group of strains that are highly virulent for salmonid fish (21) . The high virulence of this group, regardless of their source, is in sharp contrast to the properties of other A. hydrophila isolates, which are less aggressive and are considered to be opportunistic fish pathogens. The virulent strains all belonged to a single heat-stable serogroup and possessed unique cell surface-associated phenotypic properties (21) . Strains of A. hydrophila associated with invasive diseases of humans also display these phenotypic characteristics (13) . We examined the members of this serogroup with high virulence for fish by a number of electron-microscopic techniques and found that each strain possessed a tetragonal S layer. The surface-associated, regularly structured S layers have so far been described for only a small number of pathogenic bacteria including the related gram-negative fish pathogen A. salmonicida (12) , for which these layers are recognized as an essential virulence factor. S layers are ideally situated to influence the outcome of a host-parasite encounter because of the cell surface location. They have been implicated as a permeability barrier (24, 25) and have been shown to protect the cell from various lytic agents (22 grown for 18 h at 30°C in half-strength brain heart infusion broth (Difco) and sonicated for 5 to 30 s. Unbroken cells were removed by a brief low-speed centrifugation, and the supernatant provided a suspension of wall fragments. The negative stains used were 2% phosphotungstic acid neutralized with NaOiJ (used for Fig. 1D ) or 4% ammonium molybdate. Uranyl acetate was damaging to the array owing to its low pH. Negative staining was accomplished by adding a small amount of the wall fragment suspension to 'droplets of stain on paraffin film, floating the Formvar carbon-coated grids on the droplets for 5 to 15 min, and then removing the excess stain from the grids with the edge of bibulous paper and allowing them to air dry.
(ii) Sections. Cells were grown overnight at 30°C on nutrient agar (Difco) containing 1% NaCl and prefixed on the agar by flooding' and washing the cells off after 5 min with 1:10 diluted Millonig fixative (20) . After 10 min the suspension was centrifuged, suspended in full-strength fixative (2% paraformaldehyde, 3% glutaraldehyde, 1% acrolein, and 2.5% dimethyl sulfoxide in 0.05 M sodium cacodylate buffer [pH 7.0]), and held for 1 h at room temperature. After three washes in the cacodylate buffer, the pellets were enrobed in Noble agar (Difco), cut into 1-mm blocks, and postfixed in 1% osmium tetroxide and 1% uranyl acetate for 1 h each at room temperature.' The blocks were dehydrated in an acetone series (30% to absolute) for embedding in Vestopal (Polysciences Inc., Warrington, Pa.). Silver sections were obtained on a Porter-Blum MT-2 ultramicrotome, mounted on Formvar carbon-coated grids, and stained with uranyl acetate and' lead citrate.
(iii) Freeze-cleaving and etching. Cells were grown overnight at 30°C o'n nutrient agar (Difco) containing 1% NaCl and washed off with a small volume of nutrient broth containing 20% (vol/vol) glycerol. They were pelleted in an Eppendorf centrifuge, and droplets of thick suspension on carrier disks were frozen in Freon 20 (E. I. du Pont de Nemours & Co., Inc., Wilmington, Del.) at liquid-nitrogen temperatures. This material was freeze-cleaved, etched for 30 to 60 s, platinum shadowed, and carbon replicated in a BA360 M freeze-etching apparatus (Balzers Optical Corp., Marlboro, Mass.). Whole mounts were also platinum shadowed and carbon replicated. Preparations were examined in an EM-300 electron microscope (Philips Electronic Instruments, Inc., Mahwah, N.J.) at 60 kV, and images were recorded on fine-grain positive film (Eastman Kodak Co., Rochester, N.Y.). Magnifications were related to a crystalline catalase preparation as standard.
(iv) Image analysis. Image analysis was carried out as described" previously (4).
Isolation of OMs. Outer membrane (OMs) were prepared from isolated cell envelopes by differential' solubilization of the inner membrane by using the sodium N-lauryl sarcosinate method of Filip et al. (11) as previously described (9) .
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was carried out by the method of Laemmli (16) . A model 360 Mini Vertical Slab Cell system (Bio-Rad Laboratories, Richmond, Calif.) was used for all separations. Gels were run for 10 min at 100 V through 4.5% acrylamide stacking gels and for a further 35 min at 200 V through 7.5% acrylamide separating gels. To visualize the proteins the gels were stained with Coomassie blue.
S-layer extraction. S-layer extraction was performed by a modification of the method of McCoy et al. (19) . After 18 h of incubation, cultures were harvested into 20 mM Tris hydrochloride (pH 8.0), washed three times, and then suspended in extraction buffer or distilled water at 3 g (wet weight) of cells per 100 ml. The extraction buffers used were 0.2 M glycine hydrochloride (pH 3.0) (19) , and 20 mM Tris (pH 7.4) containing either 10 mM EDTA or 10 mM ethylene glycol-bis(P-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA). The suspension was stirred for 15 min at 4°C, and whole cells were removed by centrifugation at 12,000 x g for 15 min. The supernatant was neutralized with NaOH, dialyzed against distilled water, and lyophilized.
RESULTS
Negative staining ofA. hydrophila strains. We examined the members of the high-virulence serogroup listed in Table 1 by electron microscopy with negative staining. Each of the wild-type strains possessed an easily identifiable tetragonal S layer. A negative stain of the S layer from a representative of the high-virulence group is shown in Fig. 1A . S layers were not observed on any other A. hydrophila isolates that did not exhibit a phenotype characteristic of the high-virulence serogroup (21) . As had been noted with other S-layercontaining gram-negative organisms, the best visualization of the layers occurred after they had become detached from the cell surface and were relatively free from OM components. The layers could be visualized with a number of stains including phosphotungstic acid and ammonium molybdate, although low-pH stains, such as uranyl acetate, tended to disrupt the structure and give poorer resolution. The lattice constants (12 nm) were similar for all the strains examined. Because of this similarity, we concentrated on a single representative strain, strain TF7, for further structural analysis of A. hydrophila S layers.
Freeze-fracture studies. Freeze-fractured preparations of intact A. hydrophila TF7 cells showed an S layer as the outermost component of the surface (Fig. 1B) . The lattice constant was ca. 12 nm. No discontinuities in the layer indicative of different patterns of S-layer subunits were noted either by this technique or by negative staining.'The internal cleavage planes showed only a structure typical of gram-negative organisms. No paracrystalline structure was found in any site other than the external surface of the cell.
Thin sectioning ofA. hydrophila TF7 cells. The thin sections showed an extra layer external to the OM of the cell (Fig. 2) . This layer exhibited a periodicity in suitable cuts that confirmed its identity with the S layer (Fig. 2, inset) . The attachments of the layer to the OM were not apparent from any of the micrographs, but the S layer was not easily separated from OM for negative staining (Fig. 1A) and, indeed, copurified with the OM fraction. A. hydrophila TF7 cells possessed both pili and flagella in addition to their S layer (Fig. 2) . Characteristically, a single polar flagellum was present on each cell. The cells were peritrichous, with pili present at about 200 per cell. The pili were rigid appendages that extended outwards about 400 nm from the cell surface. Sectioning confirmed the presence of both pili and S layer on the same cell.
Image enhancement. An area of negatively stained S-layer material (Fig. 1A) with a minimum of associated OM material was chosen for image enhancement. The most suitable part of the negative was selected for processing with an optical diffractometer. The Fourier transform derived from the digitized image showed reflections to the third order, and the symmetry was p4, confirming the tetragonal nature of the layer (Fig. 3A) . The structure factors for the reconstruction of a filtered image are given in Table 2 (Fig.   3B ). Because all available information suggests that the S layer of A. hydrophila TF7 is composed of a single protein subunit (8) , and because this arrangement is now well known (23, 25) , the presence of two morphological subunits is assumed to correspond to two different domains of a single molecule joined by a portion of the constituent protein. This form of organization of an S layer can be assigned to the M4C4 configuration following the rules of Saxton and Baumeister (23) .
S-layer stability. The A. hydrophila TF7 S layer is morphologically similar to the tetragonal S layers of Azotobacter vinelandii (4) and A. salmonicida (28) and is composed of a single protein of molecular weight 52,000 (9) . The S-layer protein of A. hydrophila TF7 was the predominant cell protein seeth in sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis of whole-cell lysates and the isolated OM fraction (Fig. 4, lanes 1 and 2, respectively) . The S-layer protein was removed from cells by treatment with 0.2 M glycine hydrochloride (pH 3) (Fig. 4, lane 5) , but not by a simple distilled-water wash (Fig. 4, lane 6) . The S layer also remained cell associated when cells were extracted with 10 mM EDTA or 10 mM EGTA (Fig. 4, lanes 3 and 4, respectively). Electron microscopy showed that neither of the treatments with the metal chelators resulted in a loss of the tetragonal arrangement of the S layer, even when cells were left in contact with the chelators for 20 min at room temperature (data not shown). Electron-microscopic examination of culture supernatants of the deep rough lipopolysaccharide (LPS) mutant TF7/B, which is unable to maintain an array on the cell surface and releases S-layer protein into the culture medium (9) , showed that the protein was released as a tetragonal array. Image enhancement showed that this array was morphologically indistinguishable, to a resolution of <4 nm, from the S layer detached from the surface of parent strain TF7 (data not shown).
DISCUSSION
Although S layers on A. hydrophila strains had not been previously described, other proteinaceous surface appendages had been identified. Both peritrichous cells (15, 17) and the presence of a single, polar flagellum (17) were demonstrated by electron microscopy, although definitive information on their subunit molecular weights and amino acid composition is still lacking. We have shown here that an S layer is a major surface component characteristic of the members of a single A. hydrophila serogroup which, regardless of isolation source, exhibit high virulence for fish. Morphologically the tetragonal S layers appear similar throughout the group, and they also show a remarkable similarity to the tetragonal S layers found on A. salmonicida (28) and Azotobacter vinelandii strains (4).
All these S layers have properties in common: the lattice constants all fall within a range of 11 to 14 nm; and computer-assisted image reconstructions produce similar models for subunit arrangement in that the linkages form a rotational p4 structure, the overall symmetry is p4, and there is connectivity at each of the fourfold rotational axes of symmetry. In this respect there is a general structural similarity to the tetragonal S layers of various sporeforming gram-positive organisms (5) . Both sets of organisms show a striking degree of similarity with regard to the structure and orientation of the S-layer subunits within the unit cell, although the gram-negative organisms do not exhibit any connectivity at the twofold rotational axis. However, the full extent of this structural homology cannot be determined until three-dimensional reconstructions are available for all of these tetragonal S layers. Three-dimensional reconstructions have been produced for the gram-positive species Bacillus sphaericus P-1 (18) , Clostridium aceticum (31) , and Sporosarcina ureae (10) . These structures share some common morphological features in keeping with the similarity of their two-dimensional projection structures. The only gramnegative species with a tetragonal S layer for which a three-dimensional reconstruction is available is Azotobacter vinelandii (3). A three-dimensional model is also available for the tetragonally arrayed membrane protein of Comamonas (Pseudomonas) acidovorans; however, this array is quite different from the tetragonal S layers in terms of intermolecular connectivity and mass distribution of the subunits (7) .
Despite apparent morphological similarities, there are obvious differences between the various tetragonal S-layers of the gram-negative organisms. The alternating lower-density elements of the A. hydrophila array and the type II pattern of the A. salmonicida array are rotated somewhat less (200 versus 27°) than the Azotobacter array (4, 27). Unlike the situation with A. salmonicida (27) , however, we did not detect the presence of a "closed" type I pattern in the A. hydrophila TF7 S layer. The S layers of the A. hydrophila strains also have to allow the formation of pili, which are not present in either A. salmonicida or Azotobacter vinelandii. Our evidence suggests that the A. hydrophila layer, as with other S layers, is composed of a single species of protein (8), and we have no reason to suspect that the A. hydrophila S-layer subunits have alternating polarity within the layer.
The S layers of Aeromonas and Azotobacter spp. also differ in stability. Examination of the models of subunit arrangement show that all three arrays have similar amounts of intermolecular contact, yet they are disrupted under very different conditions. For example, the Azotobacter vinelandii layer is disrupted by being washed with distilled water and requires divalent cations for its integrity to be maintained (1) . In contrast, the tetragonal arrangement of the A. hydrophila S layer was not disrupted by being washed with 450_. water, EDTA, or EGTA, and, in keeping with this finding, the S-layer protein of A. hydrophila was not removed from the cell by these treatments. This indicates a difference both in intersubunit adhesion and in the anchoring mechanisms for the A. hydrophila and Azotobacter vinelandii S layers. Indeed, the finding that the deep rough A. hydrophila LPS mutant TF7/B releases S-layer protein as a tetragonal array into the culture supernatant is evidence for a role for LPS in the anchoring of the A. hydrophila S layer to the cell surface. The region of the LPS that appears to be involved is the core oligosaccharide, since the rough A. hydrophila LPS mutant TF7/UV14, which lacks O-polysaccharide chains, but has two more core sugars in its core stub than TF7/B does, is able to maintain an S layer (7; D. H. Shaw, unpublished results).
The S layers on these gram-negative organisms most probably are also involved in very different biological functions. In part, this is probably a reflection of their habitats, since Azotobacter vinelandii is a soil organism, whereas the two Aeromonas species are systemic pathogens of animals and so are capable of withstanding the defense mechanisms of the host animal in order to produce disease. However, even for the two Aeromonas species, the S layers appear to have different roles in pathogenesis. The A. salmonicida S layer has been shown to be required for virulence where it participates in resistance to serum killing (12, 22) . S-layerproducing cells of A. salmonicida also display a dramatically increased surface hydrophobicity; this property appears to be associated with the enhanced macrophage association shown by this pathogen (30) . Recently, evidence has been presented for A. hydrophila which links the presence of an extra surface layer with invasive disease in the pathogenicity of this organism for humans and mice (13), and we have evidence that the A. hydrophila S layer also participates in serum resistance (T. Sakata, J. S. G. Dooley, and T. J. Trust, unpublished). However, S-layer-producing cells of A. hydrophila TF7 display no increase in surface hydrophobicity (8) and no enhanced association with macrophages and do not specifically bind porphyrin or immunoglobulin.
It therefore seems that the tetragonal S layer of A. hydrophila TF7 is another example of a degree of consistency in architecture for these structures in both gramnegative and gram-positive species. However, the possession of common morphological features, even among closely related species such as fish-pathogenic A. hydrophila and A. salmonicida, does not necessarily indicate functional similarity as had been previously proposed.
